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Automated color measurement systems have become significant components of 
offset lithographic printing presses for better process control and reduced job waste. In 
Europe, printers have broadly adopted polarized densitometry, which is uncommon in US 
standard operating procedures. It is recognized that some European press manufacturers 
provide automated color measurement instrumentation limited to polarized density 
readings. Introducing polarized densitometry into an environment where unpolarized 
densitometry is utilized can be problematic. The increasing significance of this issue has 
motivated print professionals to look for a solution. The present study applies the Bland-
Altman method together with other statistical analyses to determine if a conversion 
between polarized and unpolarized densitometry can be established within a limited set of 
parameters. Three spectrodensitometers were used to record polarized and unpolarized 
densitometric readings of wet and dry process inks on coated and uncoated drawdown 
proofs.  
The results showed that coated papers had significantly less variation between 
instruments compared to uncoated papers. Wet inks also had more minor variations 
compared to dry inks. Furthermore, pure difference values and a Mann-Whitney U test 
indicated differences between unpolarized and polarized densitometric readings in all 
cases. Finally, t-tests performed on the resulting difference data for both unpolarized 
versus polarized and unpolarized versus predicted polarized showed fixed bias by means 
of the computed p-values. 
 
 x 
The primary conclusion of this study is that a single conversion method is not 
reliable in all contexts. The more variables that need to be accounted for in conversion, 
the less reliable the method becomes. The methodology for converting polarized to 
unpolarized readings presented in this study may be practical within the current 
parameters, but practitioners should take caution when applying the same or similar 
methods. Further research is encouraged using various inks, substrates, printing 
processes, and other possible conditions. Such studies could validate the current research 
















Research Problem and Background 
Automated color measurement systems have become significant components of 
offset lithographic printing presses. These systems assist in detecting color shifts early in 
a press run, alerting press operators to take the necessary countermeasures to get color 
measurements back to defined specifications. Utilizing automation in this way allows for 
better process control and less produced waste at the end of a job (Stehn, 2019).  
Several offset lithographic press manufacturers, such as German-based companies 
Heidelberg and Manroland, have built their own proprietary color measurement systems 
into their products. However, this presents a potential issue within the United States. In 
Europe, printers have broadly adopted polarized densitometric readings; which are not 
commonly found in the standard operating procedures (SOPs) in the US (Chung, 2020). 
Introducing polarized densitometry into an environment where unpolarized densitometry 
is utilized can be problematic. Unpolarized legacy data cannot be easily compared to the 
polarized readings from the press manufacturer’s instrumentation. In addition, while 
many current instruments can read both, some densitometers commonly used in the US 
only read unpolarized density. Again, comparison to polarized density could be an issue 
in such instances. 
With the significance of this issue, it is no surprise that print professionals are 
looking for a solution. This topic was recently featured in a post from the IDEAlliance 
G7 Professionals forum looking for a methodology to convert polarized to unpolarized 
readings (Breton, 2020). Although it is unlikely that a single conversion method could be 
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applied across all inks and substrates, there may be a way to determine a conversion 
methodology within a set of limited parameters. 
Bland and Altman (1986) have developed a method that could prove helpful in 
these applications, particularly in examining fixed bias. Their methods are primarily used 
in the medical industry, where comparisons of different instruments and metrics are 
employed to measure the same variable. Further, this method allows researchers to 
analyze the conditions that underline the validity of said comparisons (Bland & Altman, 
1986). Other statistical analyses, including regression analysis and measures of variation 
can also provide useful information in this context. 
The goal of the present study will apply the Bland-Altman method, together with 
other statistical analyses to determine if a conversion between polarized and unpolarized 














The theoretical basis for the present study will discuss the foundations of the 
Bland-Altman method of analysis for comparing disparate metrics, followed by a review 
of how polarized filters function. 
 
Bland-Altman Plot 
The Bland-Altman plot is a method for comparing two different quantitative 
measurement methodologies for the same variable. It is frequently used when one method 
is designated the “gold standard”, compared to a competing method. The “gold standard” 
is most often an established, commonly used, well-recognized methodology. The 
competing method is frequently a new entry for the applications, and often it is lower 
cost, simplified, or both. For example, it is often used to analyze laboratory-grade 
instrumentation compared to production- or consumer-grade instrumentation.  
It is important to recognize that the Bland-Altman plot is identical to the Tukey 
Mean-Difference plot. For the present study, the term Bland-Altman plot will be used, as 
they popularized the method, especially in the medical field (Bland and Altman, 1986). In 
the comparison, the Bland-Altman plot examines the limits of agreement between the two 
methodologies studied (Giavarina, 2015). Using the mean and standard deviation(s) of 
the differences between two measurements, the Bland-Altman plot displays the 
differences results of the two techniques. Giavarina (2015) states: “The resulting graph is 
a scatter plot XY, in which the Y-axis shows the difference between the two paired 
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measurements (A-B) and the X-axis represents the average of these measures ((A+B)/2). 
In other words, the difference of the two paired measurements is plotted against the mean 
of the two measurements (p. 143).” Using this technique, it is possible to evaluate the 
agreement between the two measures. It can examine the possible fixed bias, which is 
estimated by the mean difference and the standard deviation of the differences. 
Giavarina (2015) warns that normality needs to be determined prior to the 
development of the Bland-Altman plot, as normality is not represented in the plot itself. 
The plot itself is simple but practical, as it quantifies “...the bias and a range of 
agreement, within which 95% of the differences between one measurement and the other 
are included” (Giavarina, 2015, p. 146).  
Earthman (2015) outlines the procedures for creating a Bland-Altman plot. First, a 
scatterplot is constructed where the differences between methods (y-axis) is plotted 
against the averages between methods (x-axis). Then, the mean difference (bias) between 
the methods is used to calculate the limits of agreement, which is graphically represented 
(Earthman, 2015). The limits of agreement are computed by determining +/- 1.96 
standard deviation from the mean and drawing the subsequent limits of agreement 
horizontally to the mean (Earthman, 2015). This is where the assumption of normality is 
manifest as the limits of agreement should represent 95% of all measured values. 
The Bland-Altman plot can overcome the limitations of other types of analyses 
often used to compare two methods. For example, Earthman (2015) notes the limitations 
of linear regression in these contexts. Citing inherent methodological limitations and is 
especially limited when used as the sole evaluation method when comparing two 
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techniques. For example, if there is a high degree of heterogeneity combined with a low 
degree of precision in the data, a high value of r is likely. Similarly, a high degree of 
precision together with a low degree of heterogeneity will also result in a value of r that 
would not be an accurate representation of the two methods, despite the substantial 
systemic error. 
It is also noted that use of the Bland-Altman model does not address the clinical 
implications, otherwise known as practical implications, of possible differences between 
measurement methods (Giavarina, 2015.) Researchers are therefore advised to include 
discussion of the clinical implications of variance in the metrics utilized, as supported by 
the literature or other types of analyses in a clinical context. 
Having reviewed the bases of the Bland-Altman model, the theoretical basis now 
moves to a discussion of polarization filtration. 
 
Polarization 
The polarization filter was first developed by the well-known instant film camera 
manufacturer Polaroid in 1929. This design would later be revised in 1938 and would 
mostly remain unchanged for the foreseeable future (Holben, 2019). The use of the 
polarization filter would go on to be used in various applications, such as sunglasses, 
cinematography, photography, and densitometry, to name a few examples. 
To further understand the use of polarized filtration in typical applications, it is 
crucial to establish how these devices function. 
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Siletz (2014) uses the example of waves moving along a string to describe the 
phenomenon of the physics of light waves. The author notes that similar to how a wave 
moves along a string, the light waves move transversely towards its direction of motion 
(Siletz, 2014). The plane on which the waves oscillate can also have different 
orientations, whether that be from side to side, up and down, or a combination of both. 
This angle of transverse oscillation that Siletz describes is what is known as the 
“polarization angle” (2014). How these polarization angles move is unpredictable and 
random, but nonetheless move in the same direction of the “string” (Siletz, 2014). These 
movements of light waves are defined as unpolarized and on average have no preferred 
direction of polarization (Siletz, 2014). 
Holben (2019) describes what occurs when these light waves strike a surface. 
Light waves radiate from a source, such as a light bulb or the sun, and disperse in all 
directions equally. When these light waves strike a flat surface with high gloss, they 
reflect and become polarized, now only moving in a single direction instead of random 
directions (Holben, 2019). This occurrence is what is commonly referred to as glare. 
Polarization filters are built to compensate for this glare. Since polarized light is mixed 
with natural unpolarized light, the filter can remove the polarized waves from the light 
mixture (Holben, 2019).  
These filters are normally constructed by taking a dichroic material and placing it 
between two layers of glass (Holben, 2019). The dichroic material is formed from a 
polyvinyl alcohol (PVA) plastic, which is then stretched in order to push the molecules 
within this plastic into a long, parallel chain with small gaps between each molecule 
 7 
(Holben, 2019). The resulting polymer is then dipped into an iodine solution, where the 
iodine molecules are attracted to the plastic molecule chains (Holben, 2019). Holben 
states that this process allows the lens to absorb the light waves parallel to the 
aforementioned chains, while the waves perpendicular to the chains can pass through 
easily (2019). 
The main effect of polarization filters is that they eliminate the high reflections 
caused by the polarized waves of light. Siletz (2014) notes that although the resulting 
image is darker, the contrast is visually superior. This effect is helpful for a variety of 
applications as stated previously. For example, the use of polarization lenses in 
sunglasses eliminates high reflections from various sources, such as water or 
windowpanes (Siletz, 2014).  
Photographers and cinematographers also take advantage of the manipulations 
caused by polarization filters. In using these filters in front of a camera lens, the 
reflections can be substantially eliminated from what the individual is trying to capture. 
However, Holben (2019) notes the limitations of these filters, in which although the high 
reflections can be eliminated in many instances, they cannot be eliminated altogether. 
The author continues to recognize that even with this limitation, the brightness of the 
reflections can still be profoundly decreased using polarization filters and their 
positioning (Holben, 2019).  
Another effect of polarization filters is the ability to decrease the amount of light 
passing through the filter. This effect is often used by photographers in order to make 
blue skies appear darker in photographs. Holben (2019) states that blue light scatters 
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stronger than other waves of light, and when blue light becomes polarized, the scatter can 
then be reduced using a polarization filter. The best results can be achieved by pointing 
the lens perpendicular to the light source. However, this effect does not always produce 
positive results. Holben continues by clarifying that the loss of light caused by 
polarization filters is the most significant liability, and that more light is required to 
compensate for the loss, or a higher exposure is needed in the scope of photography 
(2019). 
Having discussed the basics of how polarization filters are built and used in other 
applications, the functionality of these devices as applied to densitometry is discussed. 
The impetus for polarized densitometry comes from the realization that inks are 
not immediately dry on average when printed. As such, they are referred to as “wet”. 
These “wet” ink films are smoother and glossier than when they finally dry (Kipphan, 
2001). As stated previously, smooth and glossy surfaces produce high reflections that 
could influence readings using a densitometer. It was discovered that by using a 
polarizing filter, differences between “wet” and dry ink films are minimized when using a 
polarization filter. Therefore, the principle on which polarization filters work is a vital 









The literature review begins with recognition of the importance of densitometry in 
printing applications and research, where hundreds of published studies utilize the 
densitometers and densitometry. As discovered in an extensive literature review, the most 
recent studies that used densitometry specific to popular printing processes are reviewed: 
this illustrates that densitometry is ubiquitous and applied in varied contexts in the 
graphic arts. The review then examines polarized densitometry in particular, first in terms 
of general applications, and then with studies that investigated the use of polarized 
densitometry in the measurement of metallic inks in particular. Finally, studies that used 
the Bland-Altman plot, otherwise known as the Tukey Mean-Difference plot, are 
reviewed. 
 
Density and Densitometry 
Color reflection densitometers have been used to evaluate printing since their 
inception in the 1930s (Hannson, 2012). With such widespread use, it is no surprise that a 
multitude of studies have utilized densitometry in evaluations of processes, materials, and 
applications in printing. As such, a search of ProQuest and the Technical Association of 
the Graphic Arts (TAGA) databases reveals hundreds of studies, with dozens of 
published works since 2010, that utilized densitometric attributes as a metric in various 
applications. In fact, a search of abstracts from the TAGA database alone reveals over 
275 studies, dating from Leedy’s 1949 analysis of the thickness of lithographic plate 
 10 
coatings through multiple published studies utilizing densitometry each year through their 
most recently indexed research reports published in 2019. 
Published research in this domain ranges from analyses of quality various printing 
processes, comparisons between processes, evaluations of materials such as ink, and the 
development of new metrics. While a complete meta-analysis of studies utilizing 
densitometry in the graphic arts is beyond the scope of the present review, the most 
recent examples of found studies using densitometry as applied to the most widely used 
high-volume printing processes are reviewed; namely, gravure, flexography, offset 
lithography, inkjet, and toner-based digital printing. 
Jensen (2014) utilized offset lithographic printing to investigate the possibility of 
using published tolerances for primary colors to achieve optimized conformance of 
secondary colors. Recognizing that density is a preferred metric for process control in 
many offset lithographic pressrooms for process control applications, the researcher 
combined Beer’s Law and Hamilton’s Trapping Equation to develop an algorithm that 
aimed to predict the resultant secondary color if the ink film thickness of the primary 
colors is altered. The algorithm developed purports to provide practitioners with a set of 
tools to achieve primary and secondary aim points expeditiously. 
Dharavath and Snyder (2015) applied the densitometric attributes of print contrast 
and dot gain to analyze various halftone screening methods using a toner-based digital 
printing device. The researchers optimized the digital printing press using density and 
then used print contrast as a dependent variable with amplitude-modulated (AM) and 
frequency-modulated (FM) halftone screening technologies serving as the independent 
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variables. The study concluded that FM screening resulted in higher print contrast, while 
the analysis of dot gain was inconclusive. 
In 2019, Srinivasaraiu utilized densitometric attributes to compare different types 
of gravure cylinders. Specifically, the researcher examined the resultant printed quality 
differences between conventional chrome gravure cylinders and more recently developed 
RotoHybrid gravure cylinders. In the study, density and dot quality, among other quality 
attributes, were used for comparison, and it was concluded that the newer RotoHybrid 
cylinders outperformed conventional chrome gravure cylinders in terms of density and 
dot quality. 
Hansuebsai and Nawakitwong (2019) conducted a printability analysis of 
flexographic printing on compostable films. Using density and tone value increase 
metrics, the researchers concluded that the tested surface qualities (i.e., surface 
roughness, surface morphology, and wettability) of the compostable film substrates 
influenced print quality as operationalized by densitometric and other attributes. The 
results suggest that additives and coatings applied to compostable films may be desirable 
to maintain print quality levels. 
In a published study, Wu (2019) used densitometric attributes to examine an 
inkjet printing application, specifically ultra-violet (UV) cured inkjet on a corrugated 
substrate. The study aimed to identify the most salient factors influencing print quality in 
this application while establishing the optimal operating conditions to maximize optical 
density, which, together with gamut volume, served as the dependent variable. 
Independent variables were the corrugated substrate, the speed of the printer, and the 
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level of the base-coated white as produced by the inkjet printer. Using a factorial design, 
Wu (2019) concluded that a high level of substrate and base-white coating, combined 
with a slower speed, maximized the print quality achieved. 
As illustrated, density and densitometric attributes represent widely used metrics 
in graphic arts research, with work published utilizing the metrics in virtually all printing 
processes in a plethora of applications. The review now focuses on studies that utilized 
polarized densitometry in particular. 
 
Polarized Densitometry 
Polarized densitometry was introduced as a method to minimize the difference 
between wet and dry ink film readings. As previously stated, in conventional offset 
lithographic applications, when inks are printed, they are not immediately dry, and as 
they dry through absorption and oxidation, the appearance changes. This condition is 
commonly known as “dry-back” (Chung, 2020).  Kipphan (2001) notes that wet ink 
surfaces display a smooth, glossy surface when compared to that same area when dry. 
It was discovered that the use of polarized filtration, which places two crossed 
linear polarizing filters in the densitometer light path, compensation for the differences is 
achieved (Kipphan, 2001). Kipphan (2001) notes: “Consequently, by blocking the 
portions of light specularly reflected by the wet ink, one can obtain approximately 
identical readings from wet and dry inks, that is, the wet printing ink with more gloss is 
measured as if it were already dry” (p. 102). 
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Although several authors cite the benefits of polarized densitometry, support for 
their use is not universal. In essence, Kipphan (2001) seems to recommend using 
polarized filters by the statement that the difference between wet and dry ink readings is 
eliminated. Among others that seemingly tout the advantages of polarization are Chung 
(2020) and Mentzer (1991). Chung (2020) states: “Polarization filters placed at the 
optical path of a densitometer minimize the first surface reflection. Thus, polarized 
densitometry eliminates the difference between wet ink and dry ink density readings, 
making density dry-back a nonissue.” (p. 8). Mentzer (1991) recognizes that although 
neither polarized or unpolarized densitometry is a perfect predictor of the effect of dry-
back, polarized densitometry does appear to outperform unpolarized densitometry in this 
application. The researcher also cites the effect is at least partially dependent on the 
surface qualities of the substrate, with differences in smooth and rough surfaces 
especially noted (Mentzer, 1991).  
In contrast, Brehm (1992) essentially discourages the use of polarized 
densitometry. The author notes a discrepancy in that wet and dry inks have different gloss 
levels and visual appearance, and therefore should result in different readings. 
Furthermore, Brehm (1992) states that the ability of polarized densitometers to predict 
dry-back is limited. He states: “Printers are frequently led to believe that polarizing 
densitometers will predict the result of dry-back - a phenomenon where wet ink is 
absorbed and loses some or all of its gloss, thus lowering its effective density. In fact, the 
polarizing densitometer fails to predict the results of dry-back.” (p. 18). In addition, 
Millward (2014) also suggests uncertainty in the effectiveness of polarization filters, 
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stating that the intention is: “...to suppress the first-surface reflection from high-gloss or 
metallic surfaces that may influence the measurement. This is not widely used in the 
graphic industry.” (p.19). 
Despite academic discussions on the benefits of polarized densitometry, many 
printers have chosen to adopt one or the other as their standard operating procedures 
(SOP): the tendency is that printers in North America, especially in the United States, 
adopt unpolarized densitometry while their European counterparts opt for polarized 
densitometry for their SOPs. 
Moving from a discussion of generalized applications of polarized densitometry, 
the present review now turns to research examining the technology in a specialized 
application, namely that of metallic ink measurement. 
 
Specialized Application: Measuring Metallic Ink 
When measuring metallic inks, the metallic flakes inherent in the ink vehicle 
strongly reflect light to the measurement sensor, resulting in sub-optimal readings. For 
this reason, researchers have noted that an unpolarized densitometer is not as effective as 
one using a polarized filter (Habekost & Ma, 2017). This particular application has been 
the topic of several research studies.  
The earliest found study that examined the application of polarized densitometry 
for measuring metallic inks is Mannig and Verderber (2002). The researchers note the 
importance of process control when working with printing inks, especially in regard to 
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maintaining the consistency of ink film thickness (IFT). The study compared polarized 
versus unpolarized readings using various IFTs. 
Mannig and Verderber (2002) hypothesized that the greater the IFT, the greater 
the degree of reflection as a result of the metallic flakes in the ink vehicle. In a second 
hypothesis, the researchers postulate that polarization filters, by design, minimize the 
degree of reflected light, and therefore may yield more consistent readings of IFT for 
metallic inks in process control applications. Using instruments from various 
manufacturers with both polarized and unpolarized filters, the researchers concluded that 
polarized readings represented a preferred method for monitoring IFT with metallic inks. 
Framing their study as preliminary, Mannig and Verderber (2002) nonetheless inspired 
subsequent studies in this domain. 
Subsequent studies examined the efficacy of polarized densitometry for the 
measurement of metallic inks versus not only unpolarized densitometry but also other 
types of instruments and metrics. 
In 2006, Ploumidis noted the particular challenges of measuring metallic inks in 
an evaluation of using polarized densitometry. According to the researcher, metallic 
flakes dispersed in the ink vehicle are distributed in a horizontal orientation, resulting in 
“mirror-like surfaces that have a strong specular reflection” (p. 7). These diffuse 
reflection characteristics result in higher density readings when using instruments with a 
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0/45 geometry1. A primary concern cited by Ploumidis is that these commonly used 
instruments cannot precisely measure metallic inks due to the inherent specular 
reflection. 
This realization led to Ploumidis (2006) examining polarized densitometry, as the 
polarization filter acts to reduce the amount of reflection due to the spectral 
characteristics of the metal flakes in the ink (Sigg, 2005). The researcher is mindful of 
another challenge in using Status densitometry in this application: many of the metallic 
inks are representative of spot colors rather than the traditional process colors (i.e., Cyan, 
Magenta, Yellow, and Black). Status densitometers are optimized to measure these 
process colors, not the non-process colors that represent the majority of metallic ink 
applications. In addition, Ploumidis (2006) evaluated L* in the analysis of process control 
of metallic inks. 
The objective of Ploumidis’ 2006 study was to analyze the most commonly used 
instruments and their respective metrologies in process control applications. As such, 
0/45 devices, both with and without polarization filters, were utilized. Recognizing that 
monitoring ink film thickness (IFT) is the primary process control concern, the study 
concluded that polarized readings exhibit better sensitivity than their unpolarized 
counterparts in this application. This finding was consistent when comparing polarized 
versus unpolarized readings using both density and L*. It is interesting to note that the 
 
1 It is noted that all standardized reflection densitometry, otherwise known as “Status” densitometry, uses 
directional illumination that is either “0/45” (illuminated at 0° and measured at 45°,) or 45/0 (illuminated at 
45° and measured at 0°.) For the purpose of the present study, “0/45” is used to indicate the directional 
instrument geometry required for Status reflection densitometry. For a detailed discussion, readers are 
encouraged to reference ISO 5-4: 2009 
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result did not hold true for colorimetric attributes other than L*; Ploumidis (2006) 
concluded that measured chromatic color differences (e.g., a*, b*) did exhibit meaningful 
differences. The work that Ploumidis (2006) accomplished was foundational for 
subsequent research in this domain, notably Breede and Sharma (2008). 
Breede and Sharma (2008) examined densitometric methods in order to find a 
practical measuring method for metallic inks in process control. The researchers suggest 
that gloss meters are not reliable in a practical setting at any angle, stating that the 
variations in the data were “erratic” in nature. The researchers further report that CIE a* 
and b* also fail to communicate changes in metallic ink film thickness, where the data 
variations are again described as “erratic” (p. 14). Breede and Sharma (2008) conclude 
that CIE L* and density readings in the blue channel filter proved to be the most 
significant and consistent in monitoring the changes in ink film thickness increase and 
suggest that one method is not superior to the other. This study inspired further research 
in 2010 by Dykopf and Habekost. 
Dykopf and Habekost (2010) mention the challenge of measuring metallic inks. 
For example, in offset lithographic printing, the researchers note that ink and water 
balance characteristics can influence metallic inks. The researchers recognize previous 
studies that reported unreliable measurements with unpolarized 0/45 instrumentation. The 
implication here is that spherical (d/8) instruments may be preferred in metallic ink 
applications; however, such devices are not often utilized in printing pressrooms. 
In this 2010 study, Dykopf and Habekost compared polarized densitometry 
readings with unpolarized densitometry, gloss meter readings, and colorimetric values 
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using L* to combine previous work from Ploumidis (2006) and Breede and Sharma 
(2008). The researchers’ conclusions suggest the limitations of each method and that 
differences were most noteworthy with cyan inks. Gloss meters were only relevant with 
the 60-degree angle and worked best when the inks contained more than 50% of one of 
the metallic base colors. Colorimetric readings using L* “...showed similar results to the 
density readings but were found to be more accurate at representing a visual match when 
compared to the Pantone book.” (p. 21). Dykopf and Habekost (2010) concluded that 
polarized densitometry readings resulted in a more accurate representation of density 
shift in percentage when compared to L*, outperforming unpolarized density readings. 
Habekost and Ma (2017) published a related study that examined applications in 
measuring metallic inks produced by the lithographic process as well as the flexographic 
process. Further, they tested various papers and levels of gloss. The study concluded that 
polarized densitometry could successfully measure metallic inks for both lithographic and 
flexographic applications across a variety of paper substrates. The researchers noted that 
levels of gloss coatings could not be successfully measured with either polarized or 
unpolarized densitometry (Habekost and Ma, 2017). 
 
Bland-Altman Plot in Graphic Arts Applications 
While the Bland-Altman plot has been used extensively in the medical field, a 
search of ProQuest resulted in no studies utilizing this method of analysis in graphic arts 
or printing applications. Two recent studies in the TAGA database did employ Bland-
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Altman, one that analyzed paper brightness metrics and a second that examined light 
measurement instruments. 
Myers and Cheng (2018) examined paper brightness as measured with laboratory-
grade instrument reading brightness as defined by the Technical Association of Pulp and 
Paper Industries (TAPPI) versus brightness indices as measured by production-grade 
spectrophotometers. Using a range of paper substrates with varying amounts of Optical 
Brightening Agents (OBAs) grouped as high- and low-OBA, and five different models of 
spectrophotometers, the researchers concluded that all of the brightness indices were 
significantly different than TAPPI brightness. In addition, all of the brightness indices 
read higher than the TAPPI brightness. 
In a 2019 study, Myers utilized a similar methodology to examine different types 
of devices for measuring the correlated color temperature of light. The printing industry 
standardizes viewing conditions as defined by ISO 3664:2009: one key element of the 
standard is correlated color temperature, and another is color rendering index. While it is 
recognized that spectroradiometers are preferred instruments for such evaluations, many 
spectrophotometers and other types of meters yield correlated color temperature readings 
and color rendering index, including devices designed for photographic applications; 
even attachments and apps for a camera-enabled smartphone. The spectroradiometer 
served as the reference instrument in this study; the other devices were test instruments. 
The study concluded that none of the instruments tested were suitable substitutes for the 
spectroradiometer; however, the nearer the viewing condition was to the ISO 3664:2009 
standard the better the test instruments performed. It is noted that some of the test 
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instruments suggested a calibration to a spectroradiometer. When this procedure was 
completed, the test instruments performed better and therefore could be utilized in a 
relative way, especially if careful operating procedures were followed. 
These studies suggest that in terms of the evaluation of instruments and metrics, 
the Bland-Altman plot shows promise for the analysis of instruments and metrics in the 
graphic arts with potentially relevant implications for practitioners. 
 
Summary and Conclusion 
In examining the published literature, the review began with recognizing the 
importance of densitometry as a metric, followed by published studies that examined 
polarized densitometry in general applications, and finally in a noteworthy specialty 
application. It is understood that in the graphic communications domain, densitometry is 
widely used as a metric for process control applications and as a method for evaluating 
printing processes and materials since the late 1940s. Polarized densitometry, developed 
in response to the tendency of inks to “dry-back,” is widely, but not universally, adopted 
in general-purpose printing applications. In specialty applications, particularly with the 
measurement of metallic inks, the efficacy of polarized densitometry has been explored 
by numerous researchers, most recently comparing resultant readings with other types of 
devices including gloss meters colorimeters. The review concluded with an examination 






Having discussed the foundations and established literature of densitometry, 
polarization, and the Bland-Altman plot in previous sections, the research questions can 
be established for this proposed study. 
As stated previously, the overall goal of this study was to evaluate whether a 
conversion methodology is possible between polarized and unpolarized densitometric 
readings within a limited set of parameters. In order to achieve the defined goal, the 
researcher’s objective was to analyze the validity of a set of sample readings and examine 
possible fixed bias between polarized and unpolarized densitometry readings for process 
color inks. 
The important terms and concepts that encompass analyzing the validity of the 
test method include precision, accuracy, and bias. The term precision refers to the 
repeatability and reproducibility of the measurement system. Repeatability describes the 
variability introduced by the measurement device with a single operator, while 
reproducibility indicates the variability introduced when different operators use the same 
measurement method. The term accuracy describes how closely the test method agrees 
with the reference method. The term bias, sometimes described as systematic bias, 
indicates the difference between the results of the test and reference methods. Fixed bias 
describes the systematic error that results when a test method results in values that are 
consistently lower or higher than that of the reference method. In contrast, proportional 
bias refers to a condition where the test method yields measurements that are lower or 
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higher than those from the test method by an amount that is proportional to the level of 
the variable being measured (Kachigan, 1982). 
With the aforementioned terminology defined, the following research questions 
were proposed for this study: 
1. How much variance, if any, exists between unpolarized densitometers 
when dry process inks are measured on uncoated paper? 
2. How much variance, if any, exists between unpolarized densitometers 
when dry process inks are measured on coated paper? 
3. How much variance, if any, exists between polarized densitometers when 
wet process inks are measured on uncoated paper? 
4. How much variance, if any, exists between polarized densitometers when 
wet process inks are measured on coated paper? 
5. Is there a difference in unpolarized and polarized densitometric readings 
for dry process inks on uncoated paper? 
6. Is there a difference in unpolarized and polarized densitometric readings 
for dry process inks on coated paper? 
7. Is there a difference in unpolarized and polarized densitometric readings 
for wet process inks on uncoated paper? 
8. Is there a difference in unpolarized and polarized densitometric readings 
for wet process inks on coated paper? 
9. Is there fixed bias between polarized and unpolarized densitometry 
readings for dry process inks on coated paper? 
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10. Is there fixed bias between polarized and unpolarized densitometry 
readings for dry process inks on uncoated paper? 
11. Is there fixed bias between polarized and unpolarized densitometry 
readings for wet process inks on coated paper? 
12. Is there fixed bias between polarized and unpolarized densitometry 




















With research questions established for the study, the methods used to answer 
these questions will be discussed in terms of data collections and data analysis. 
 
Materials 
The following bullet list contains the materials used in this study. Data were 
analyzed using Microsoft Excel, Minitab, and IBM SPSS Statistics. 
 
Ink 
● Flint Novavit 4 F 100 Cyan 
● Flint Novavit 2 F 100 Magenta 
● Flint Novavit 1 F 100 Yellow 
● Flint Novavit 100 Black 
Paper 
● Leneta Ink Test Sheets 3NT-31 Coated Book, 5 x 7-⅝ in. 
● Leneta Printing Ink Drawdown Sheets 3NT-11 Vellum Opaque, 5 x 7-⅝ in. 
Instruments 
● X-Rite eXact 
● X-Rite SpectroEye 




Prior to data collection, a Gage R&R analysis was performed to examine the 
accuracy of the instruments. The Gage R&R study is a Six Sigma tool that aims to 
identify the degree of variation in a measurement system, as well as control and drive out 
as much of that variation as possible (Choudhary, 2017). This evaluation allowed the 
researcher to ensure the instruments were producing precise density readings across 
multiple operators measuring process color targets. 
After having approved the spectrodensitometers, densitometric data was collected 
by producing ink drawdown proofs. First, the paper grade was determined using a 
spectrodensitometer. The paper grade defines the accepted standard ink density for a 
process color ink (i.e. CMYK) according to the GRACoL Pre-2007 Press Control 
Guidelines. 
An ink proof was made for each of the process color inks. These proofs were 
prepared using the Little Joe, a commonly used ink proofer in many print shops 
(DiPiazza et al., 1994). Using the methodology defined by DiPiazza et al. (1994), the 
lithographic ink was measured volumetrically using a pipette to control the amount of ink 
applied to the proofer. The ink was then applied to a handheld roller, and subsequently 
rolled out evenly across the flat surface portion of the Little Joe proofer intended for this 
purpose. Once the ink was rolled to a uniform layer, it was applied to the ink distribution 
plate near the blanket roller using the handheld roller. A sheet of coated paper was fixed 
to the proofer before rolling the blanket over the ink distribution plate. For this 
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experiment, the blanket was engaged and rolled over the ink distribution plate in three 
passes (forward-back-forward), before being applied to the paper.  
With a freshly prepared proof, spectrodensitometers were used to find a point on 
the wet ink proofs that matched the previously defined standard ink densities. Once the 
chosen spot is found, approximately within 0.02 of the target density, a “sticky” note with 
a punched hole was placed over the spot for precision and accuracy in subsequent 
measurement (DiPiazza et al., 1994). Unpolarized readings were recorded immediately, 
after 30 minutes of drying, 1 hour after drying, 4 hours after drying, and 24 hours after 
drying. Readings were taken with three different spectrodensitometers, the Techkon 
SpectroDens, the X-Rite eXact, and the X-Rite SpectroEye. Three readings for each 
instrument were obtained. 
These methods were repeated for each process color ink, and subsequently for 
polarized readings and each process color ink. 
 
Data Analysis 
To address the research questions that examine the variance between 
densitometric readings on wet and dry inks on coated and uncoated papers (Research 
Questions 1 - 4), the means and ranges of the densitometric readings were calculated by 
instrument, color, densitometric filter, and paper type.  
For analyzing the research questions that examine differences in unpolarized and 
polarized densitometric readings for wet and dry process inks on coated and uncoated 
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papers (Research Questions 5 - 8), a Mann-Whitney U test was performed for non-
parametric data. 
Further, for the research questions involving fixed bias (Research Questions 9 - 
12), a regression analysis was conducted to predict polarized density from unpolarized 
density. These predicted values for polarized readings were then used to produce Bland-



















Gage R&R Analysis 
The following subsections present the Gage Repeatability and Reproducibility 
analysis and implications for the current study. 
 
Data Collection 
Prior to collecting data for this study, a Gage Repeatability and Reproducibility 
(Gage R&R) study was performed in order to validate the precision of the instruments 
used. The Gage R&R study is a Six Sigma tool that aims to identify the degree of 
variation in a measurement system, as well as control and drive out as much of that 
variation as possible (Choudhary, 2017). For this study, a Crossed Gage R&R study was 
used to analyze the variance in the various spectrodensitometers used to take 
measurements. This type of Gage R&R was selected because the same targets can be 
measured multiple times with no destruction to the ink drawdown proofs (Choudhary, 
2017). 
In this Gage R&R study, three different individuals, otherwise known as 
“operators'', participated. The same instructions were given to all the operators on how to 
use the instruments in addition to how to read the targets. Once operators understood the 
instructions, data collection began for the Gage R&R. 
Each operator took measurements using the IDEAlliance T-Ref standard targets, 
which consists of Cyan, Magenta, Yellow, Black, and White ink targets. The readings 
were confirmed and manually recorded in a standardized data collection sheet by the 
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researcher. There were three spectrodensitometers used in this study, the X-Rite eXact, 
the X-Rite SpectroEye, and the Techkon SpectroDens. The spectrodensitometers took 
solid ink densitometric readings, both polarized and unpolarized.  
Operators performed six total “rounds” of readings, with three polarized rounds 
and three unpolarized rounds. Each round consisted of operators moving from one 
instrument to the next, until all four instruments had been used to take polarized readings. 
This was then repeated two additional times. After the first three rounds, the researcher 
switched all the instruments to unpolarized and three more rounds were repeated. The 
data collection for the Gage R&R ended once all six rounds were completed and 
sufficient data had been recorded. 
 
Data Analysis 
With the data collected and carefully evaluated for any discrepancies, the data 
was organized in Microsoft Excel and then exported into Minitab for full analysis. Using 
the Crossed Gage R&R statistical calculation in Minitab, the following sections were 
used from the output for this evaluation. 
The first table in the Minitab output to be analyzed was the Variance Components 
table. This data is used to compare the variation from the inputs to the total variation 
computed by the software. According to the Automotive Industry Action Group (AIAG), 
the measurement system is acceptable if the Total Gage R&R %Contribution is less than 
1% (2010). However, the process may still be considered acceptable if the %Contribution 
for Total Gage R&R is between 1% and 9%. This data can further be used to compare 
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sources. For example, if the %Contribution for Part-to-Part is greater than the Total Gage 
R&R, it can be concluded that the variation is likely due to the difference in parts 
(Minitab, 2020). 
Following the Variance Components table is the Gage Evaluation table. The data 
presented in this table compares the variation within the measurement system to the 
overall variation (Minitab, 2020). Referring back to the AIAG, the organization 
recommends that the measurement system variation, which is the %StudyVar (SV%) of 
the Total Gage R&R, should optimally be less than 10%. Again, the measurement may 
still be deemed acceptable if this value falls between 10% and 30% (Minitab, 2020). The 
AIAG also states that the number of distinct categories, located at the bottom of the Gage 
Evaluation, needs to be greater than 5 (AIAG, 2010). 
It is also important to note that the Part-To-Part variation is expected to be 
significant. Since each ‘part’ is a different color process ink, the density will vary from 
one ink to the next. The goal of this Gage R&R is to focus on the repeatability and 
reproducibility of the instruments. As stated in a previous chapter, repeatability describes 
the variability introduced by the measurement device with a single operator. At the same 
time, reproducibility indicates the variability introduced when different operators use the 
same measurement method. Therefore, the main Gage R&R sources to be analyzed are 
the Operators, Operators*Parts, Repeatability, and Reproducibility.  
With the basic knowledge of the tables and metrics from the Minitab output 
above, each instrument’s data can be evaluated for both polarized and unpolarized. To do 
this, the data significant to the study was compiled into the tables in the next subsections.  
 31 
Unpolarized Results 




Gage R&R for Unpolarized Data  
 X-Rite eXact  X-Rite SpectroEye  Techkon SpectroDens 
Source %Contribution %SV  %Contribution %SV  %Contribution %SV 
Total Gage R&R 0.02 1.35  0.03 1.63  0.02 1.38 
Repeatability 0.01 1.14  0.01 1.11  0.01 1.10 
Reproducibility 0.01 0.72  0.01 1.20  0.01 0.82 
Operators 0.01 0.72  0.00 0.70  0.01 0.82 
Operators*Parts - -  0.01 0.97  - - 
Part-To-Part 99.98 99.99  99.97 99.99  99.98 99.99 
Total Variation 100.00 100.00  100.00 100.00  100.00 100.00 
 
In Table 1, the Total Gage R&R value is the sum of the repeatability and 
reproducibility sources, followed by the respective breakdown. Across all of the 
instruments, the %Contribution values are exceedingly less than 1%. Further, the %SV 
values are also less than 10%, which is in line with the AIAG guidelines. It is clear that 
most of the variation can be attributed to the difference in parts, as seen by the high 
percentages across both %Contribution and %SV, which is expected.  
Table 2 (see p. 32) contains the Number of Categories across all the instruments 






Number of Categories for Unpolarized Data 
Instrument Number of Categories 
X-Rite eXact 104 
X-Rite SpectroEye 86 
Techkon SpectroDens 102 
 
According to the AIAG, the number of categories needs to be greater than 5. 
From the table above, each instrument has a high number of categories, significantly 
greater than the absolute minimum of 5. With the combination of results, it can be certain 
that the variation from the operators is minuscule and does not greatly impact the density 
readings. The unpolarized spectrodensitometers are therefore an acceptable measurement 
method for this study. 
 
Polarized Results 










Gage R&R for Polarized Data 
 X-Rite eXact  X-Rite SpectroEye  Techkon SpectroDens 
Source %Contribution %SV  %Contribution %SV  %Contribution %SV 
Total Gage R&R 0.02 1.41  0.03 1.68  0.02 1.56 
Repeatability 0.01 0.77  0.02 1.30  0.02 1.49 
Reproducibility 0.01 1.17  0.01 1.06  0.00 0.49 
Operators 0.01 0.93  0.01 1.06  0.00 0.49 
Operators*Parts 0.01 0.72  - -  - - 
Part-To-Part 99.98 99.99  99.97 99.99  99.98 99.99 
Total Variation 100.00 100.00  100.00 100.00  100.00 100.00 
 
As with the unpolarized results, the polarized data above yields similar results. 
The repeatability and reproducibility sources have %Contribution values that are all less 
than 1% for each instrument. The %SV values are also less than 10% for those sources 
across all instruments. As expected, most of the variation in the polarized data is due to a 
difference in parts. Table 4 contains the data for the Number of Categories. 
 
Table 4 
Number of Categories for Polarized Data 
Instrument Number of Categories 
X-Rite eXact 100 
X-Rite SpectroEye 83 
Techkon SpectroDens 90 
 
The Number of Categories in the table above for each instrument is greater than 5, 
meeting the standards set by the AIAG. When looking at all the data for the unpolarized 
data, it can be concluded that there is slight variation due to operators that impact the 
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results of the Gage R&R. The spectrodensitometers with their polarized filters can be 
considered an acceptable measurement method for this study.  
 
Clinical Importance of Density Variation 
In conjunction with the Gage R&R evaluation, it is important to note the clinical 
importance of density variation in a practical environment. Although it is uncommon for 
instrument manufacturers to publish accuracy specifications of inter-instrument or inter-
model agreement in terms of density, practitioners normally accept ±0.02 density as the 
uncontrolled variation that can be expected from readings. This can further be supported 
by reported repeatability data found in the instrument's user manual. Below is Table 5 
which contains this data for each instrument used above in the Gage R&R. 
 
Table 5 
Instrument Accuracy Specifications for Density 
Instrument Repeatability Inter-Instrument Agreement 
X-Rite eXact ± 0.01 D - 
X-Rite SpectroEye ± 0.01 D - 
Techkon SpectroDens ± 0.01 D ± 0.01 D 
 
The data in Table 5 above shows that all the instruments are capable of 
repeatability within ±0.01 density. The Gage R&R reflects this in the unpolarized data, 
but the polarized data shows a range of ±0.01 to 0.02 (see Tables 1 and 3). It is crucial to 
remember that repeatability only supports measurement from a single operator, and 
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therefore it is important to evaluate the reproducibility data for multiple operators. For the 
instruments above, there is no reported reproducibility data in the user manual. However, 
the Gage R&R study here showed a range ±0.00 - 0.01 density for reproducibility for 
both polarized and unpolarized readings.  
The total density variance that can be expected with the selected instruments in 
this study can be determined from the Total Gage R&R together with the manufacturer 
specifications for the respective instruments. For both polarized and unpolarized 
readings, the variance is between ±0.02 to 0.03 density, from the Gage R&R aligns with 
the variance typically accepted by industry professionals in production contexts. For 
discussion purposes in the present study, when comparing unpolarized to polarized, a 
maximum variation up to 0.04 will be considered reasonable for further investigation: 














The following subsections detail the findings of the current study. The results will 
only report the data from the statistical analyses that relate to the research questions 
proposed in the previous chapter.  
 
Variance (RQ 1- 4) 
The first four research questions in this study address the amount of variation that 
exists for wet and dry inks on coated and uncoated papers using an unpolarized and 
polarized spectrodensitometer. The mean values of density readings from each 
spectrodensitometer were calculated by ink and paper pairing. Using these means, ranges 
were calculated to compare to the max variation accepted for practical application (0.04), 
as previously indicated. 
Table 6 (see p. 37) contains the density readings for wet inks on coated paper, 










Mean Density Readings for Wet Inks on Coated Paper 
 Cyan Magenta Yellow Black 
 U P U P U P U P 
eXact 1.37 1.52 1.53 1.67 1.02 1.10 1.72 1.92 
SpectroDens 1.40 1.55 1.50 1.68 1.01 1.08 1.73 1.98 
SpectroEye 1.40 1.53 1.54 1.67 1.06 1.11 1.73 1.94 
Range 0.03 0.03 0.04 0.01 0.05 0.03 0.01 0.06 
 
The ranges presented in this table generally fall within the 0.04 range chosen by 
the present study for practical application. However, there are some minor outliers that 
may present difficulties; the yellow unpolarized and the black polarized. Table 7 shows 
the density readings for dry inks on coated paper. 
 
Table 7 
 Mean Density Readings for Dry Inks on Coated Paper 
 Cyan Magenta Yellow Black 
 U P U P U P U P 
eXact 1.34 1.51 1.50 1.68 1.01 1.07 1.62 1.88 
SpectroDens 1.39 1.55 1.52 1.68 1.00 1.14 1.68 1.94 
SpectroEye 1.38 1.52 1.52 1.67 1.02 1.10 1.64 1.93 
Range 0.05 0.04 0.02 0.01 0.02 0.07 0.06 0.06 
 
The results from the dried ink on coated paper presents more outliers falling 
outside the 0.04 accepted density value compared to wet ink on coated paper. Yellow ink 
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using a polarized densitometer has resulted in the largest range, and black ink generally 
falls outside the practical range. These outliers present the largest amount of variance and 
will be considered in further evaluation. Table 8 below presents the densitometric 
readings for wet inks on uncoated paper. 
 
Table 8 
Mean Density Readings for Wet Inks on Uncoated Paper 
 Cyan Magenta Yellow Black 
 U P U P U P U P 
eXact 1.35 1.80 1.40 1.82 0.97 1.16 1.60 2.46 
SpectroDens 1.38 1.83 1.50 1.91 1.01 1.17 1.73 2.66 
SpectroEye 1.39 1.82 1.42 1.82 1.02 1.19 1.66 2.56 
Range 0.04 0.03 0.10 0.09 0.05 0.03 0.13 0.20 
 
With wet inks on uncoated paper, several potential concerns are noted in the table 
above. Many of the inks, both polarized and unpolarized, show a range significantly 
above 0.04. These discrepancies may be due to the properties of the uncoated paper, in 
which a different conversion method could be necessary from substrate to substrate. In 







Mean Density Readings for Dry Inks on Uncoated Paper 
 Cyan Magenta Yellow Black 
 U P U P U P U P 
eXact 1.25 1.69 1.31 1.73 0.92 1.11 1.49 2.39 
SpectroDens 1.32 1.76 1.35 1.78 0.98 1.13 1.57 2.58 
SpectroEye 1.31 1.72 1.34 1.73 0.99 1.16 1.55 2.52 
Range 0.07 0.07 0.04 0.05 0.07 0.05 0.08 0.19 
 
The ranges above further support the potential need for a separate conversion 
method for uncoated papers. All of the range values in the table are greater than what is 
the accepted density variance in practice.  
 
Differences (RQ 5 - 8) 
To assess the differences between unpolarized and polarized densitometric 
readings, the data were organized into groups based on substrate, as well as by wet or dry 
readings. Wet readings are represented by the readings taken immediately after the 
respective proof was made, and dry readings are represented by the readings taken 24 







Table 10 (see p. 41) shows the average readings over five pre-specified time 
intervals on coated papers, as well as the difference values between the polarized and 
unpolarized density readings.  
Figures 1 displays the data seen in Table 10 graphically for each process color ink. 
 
 
Figure 1. Average density readings by time on coated paper. The line charts represent the 
mean density over 24 hours for each process color ink. These charts summarize the data 
from Table 10 (see p. 41), graphically showing the differences between unpolarized and 







Coated Paper Average of Readings by Time 
Cyan 
 Unpolarized Polarized ∆ 
Immediate 1.39 1.53 0.14 
0.5 Hour 1.39 1.52 0.13 
1 Hour 1.38 1.51 0.13 
4 Hours 1.38 1.52 0.14 
24 Hours 1.38 1.52 0.14 
Range 0.01 0.02  
Magenta 
Immediate 1.52 1.67 0.15 
0.5 Hour 1.55 1.69 0.14 
1 Hour 1.54 1.69 0.15 
4 Hours 1.52 1.69 0.17 
24 Hours 1.51 1.68 0.16 
Range 0.04 0.02  
Yellow 
Immediate 1.03 1.10 0.07 
0.5 Hour 1.04 1.12 0.08 
1 Hour 1.01 1.11 0.10 
4 Hours 1.00 1.12 0.12 
24 Hours 1.01 1.10 0.09 
Range 0.04 0.02  
Black 
Immediate 1.73 2.17 0.45 
0.5 Hour 1.66 2.16 0.50 
1 Hour 1.66 2.15 0.49 
4 Hours 1.63 2.14 0.51 
24 Hours 1.65 2.13 0.48 
Range 0.10 0.04  
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In addition to calculating the pure difference values between the average 
unpolarized and polarized density readings, a Mann-Whitney U test was conducted to 
statistically support the reading; data are presented in Table 11. 
 
Table 11 
Mann-Whitney-U Test of Unpolarized vs Polarized Density on Coated Paper 



































225 4.730 <0.001 
Polarized 2.13 
 
As seen in the table above, the p-values for all process inks are less than 0.05, 
indicating statistical significance that the values are different. These results are the same 




Table 12 (see p. 44) shows the average readings over five pre-specified time 
intervals on uncoated papers, as well as the difference values between the polarized and 
unpolarized density readings.  
Figure 2 displays the data in Table 12 graphically for each process color ink. 
 
 
Figure 2. Average density readings by time on uncoated paper. The line charts represent 
the mean density over 24 hours for each process color ink. These charts summarize the 
data from Table 12 (see p. 44), graphically showing the differences between unpolarized 







Uncoated Paper Average of Readings by Time 
Cyan 
 Unpolarized Polarized ∆ 
Immediate 1.37 1.72 0.35 
0.5 Hour 1.33 1.68 0.35 
1 Hour 1.32 1.68 0.36 
4 Hours 1.32 1.67 0.35 
24 Hours 1.29 1.65 0.36 
Range 0.08 0.07  
Magenta 
Immediate 1.41 1.83 0.42 
0.5 Hour 1.35 1.81 0.45 
1 Hour 1.35 1.80 0.44 
4 Hours 1.34 1.76 0.42 
24 Hours 1.35 1.77 0.42 
Range 0.06 0.07  
Yellow 
Immediate 1.06 1.29 0.23 
0.5 Hour 1.03 1.28 0.25 
1 Hour 1.03 1.27 0.24 
4 Hours 1.04 1.27 0.23 
24 Hours 1.03 1.23 0.20 
Range 0.03 0.06  
Black 
Immediate 1.66 2.56 0.89 
0.5 Hour 1.55 2.53 0.98 
1 Hour 1.52 2.54 1.02 
4 Hours 1.49 2.53 1.04 
24 Hours 1.53 2.50 0.96 
Range 0.17 0.06  
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In addition to calculating the pure difference values between the average 
unpolarized and polarized density readings, a Mann-Whitney U test was conducted to 
statistically support the readings; data are presented in Table 13 below. 
 
Table 13 
Mann-Whitney-U Test of Unpolarized vs Polarized Density on Uncoated Paper 



































225 4.708 <0.001 
Polarized 2.50 
 
As seen in the table above, the p-values for all process inks are less than 0.05, 
indicating the statistical significance of the differences. These results are the same for 
both wet and dry inks on uncoated paper. 
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Fixed Bias (RQs 9 - 12) 
To examine fixed bias between unpolarized and polarized density readings, 
differences between unpolarized and polarized density readings for each ink and substrate 
were recorded. Further, an additional variable was calculated to predict polarized 
readings from unpolarized readings using a regression analysis. Therefore, data presented 
includes unpolarized and polarized, and unpolarized and predicted polarized readings 
from the regression analysis. A discussion of the regression results follows. 
 
Regression Analysis 
A linear regression analysis was utilized in order to predict polarized density 
readings from unpolarized density readings for each ink and paper pairing. To assess 
linearity a scatterplot of unpolarized density against polarized density with a 
superimposed regression line was plotted. These plots were also used to evaluate the 
homoscedasticity and normality of the residuals, along with any outliers in the data.  
 
Coated Papers. The following subsections detail the results of the regression 
analysis for process color inks on coated papers. 
 
Cyan. The data for cyan ink on coated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
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The prediction equation was: polarized density = 0.24 + 1.06*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
68.98, p < .001, accounting for 48.6% of the variation in the density readings with 
adjusted R2 =47.9%.  
Predictions were made to predict polarized density for each unpolarized density 
reading for cyan ink on coated paper, as expressed in Table 14. 
 
Table 14 
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Magenta. The data for magenta ink on coated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
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The prediction equation was: polarized density = 0.29 + 0.73*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
32.15, p < .001, accounting for 30.6% of the variation in the density readings with 
adjusted R2 =29.6%.  
Predictions were made to predict polarized density for each unpolarized density 
reading for magenta ink on coated paper, as expressed in Table 15. 
 
Table 15 
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Yellow. The data for yellow ink on coated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
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The prediction equation was: polarized density = 0.55 + 0.42*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
10.06, p < .001, accounting for 12.1% of the variation in the density readings with 
adjusted R2 =10.9%.  
Predictions were made to predict polarized density for each unpolarized density 
reading for yellow ink on coated paper, as expressed in Table 16. 
 
Table 16 





95% Confidence Interval 




















































Black. The data for black ink on coated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
The prediction equation was: polarized density = 0.07 + 0.90*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
45.20, p < .001, accounting for 38.2% of the variation in the density readings with 
adjusted R2 =37.4%.  
Predictions were made to predict polarized density for each unpolarized density 
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Uncoated Papers. The following subsections detail the results of the regression 
analysis for process color inks on uncoated papers. 
 
Cyan. The data for cyan ink on uncoated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
The prediction equation was: polarized density = 0.23 + 0.88*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
311.92, p < .001, accounting for 81.0% of the variation in the density readings with 
adjusted R2 =80.8%.  
Predictions were made to predict polarized density for each unpolarized density 
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Magenta. The data for magenta ink on uncoated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
The prediction equation was: polarized density = 0.30 + 0.93*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
282.82, p < .001, accounting for 79.5% of the variation in the density readings with 
adjusted R2 =79.2%.  
Predictions were made to predict polarized density for each unpolarized density 
reading for magenta ink on uncoated paper, as expressed in Table 19. 
 
Table 19 
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Yellow. The data for yellow ink on uncoated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
The prediction equation was: polarized density = 0.25 + 1.05*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
82.30, p < .001, accounting for 53.0% of the variation in the density readings with 
adjusted R2 =52.4%.  
Predictions were made to predict polarized density for each unpolarized density 
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Black. The data for black ink on uncoated paper visually indicated a linear 
relationship between the variables. There was homoscedasticity and normality of the 
residuals. No outliers were noted for this data. 
The prediction equation was: polarized density = 1.69 + 0.54*unpolarized density. 
Unpolarized density statistically significantly predicted polarized density, F (1, 73) = 
33.45, p < .001, accounting for 31.4% of the variation in the density readings with 
adjusted R2 =30.5%.  
Predictions were made to predict polarized density for each unpolarized density 
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Using the unpolarized readings, polarized readings, and predicted polarized 
readings from the regression analysis, t-tests were conducted on the respective difference 
data to determine fixed bias. These results are shown in Table 22 for coated papers, and 
Table 23 (see p. 60) for uncoated papers. 
 
Table 22 
Coated Bland-Altman t-test Results 
 t df p Mean ∆ LCL UCL 
Cyan Unpolarized and Polarized 42.232 74 <0.001 0.15 0.144 0.159 
Cyan Unpolarized and Predicted  115.545 74 <0.001 0.15 0.149 0.154 
Magenta Unpolarized and Polarized 40.835 74 <0.001 0.16 0.148 0.163 
Magenta Unpolarized and Predicted 105.841 74 <0.001 0.16 0.153 0.158 
Yellow Unpolarized and Polarized 24.567 74 <0.001 0.09 0.085 0.100 
Yellow Unpolarized and Predicted 38.709 74 <0.001 0.09 0.087 0.097 
Black Unpolarized and Polarized 39.128 74 <0.001 0.28 0.261 0.289 
Black Unpolarized and Predicted 96.940 74 <0.001 0.28 0.270 0.281 
Note. Control Limits (CL) are calculated with 95% confidence.  Predicted refers to the 







 Uncoated Bland-Altman t-test Results 
 t df p Mean ∆ LCL UCL 
Cyan Unpolarized and Polarized 60.652 74 <0.001 0.44 0.422 0.450 
Cyan Unpolarized and Predicted  1217.320 74 <0.001 0.44 0.435 0.437 
Magenta Unpolarized and Polarized 40.954 74 <0.001 0.43 0.408 0.450 
Magenta Unpolarized and Predicted 484.946 74 <0.001 0.43 0.427 0.431 
Yellow Unpolarized and Polarized 51.019 74 <0.001 0.19 0.178 0.193 
Yellow Unpolarized and Predicted 110.392 74 <0.001 0.19 0.182 0.189 
Black Unpolarized and Polarized 78.318 74 <0.001 0.98 0.955 1.005 
Black Unpolarized and Predicted 258.731 74 <0.001 0.98 0.955 0.988 
Note. Control Limits (CL) are calculated with 95% confidence.  Predicted refers to the 
predicted polarized readings. 
 
The p-values resulting from the t-tests for both substrates are less than 0.05, 
which show significance for fixed bias for the data. In addition, a graphical representation 
of fixed bias is shown in Bland-Altman (B-A) plots in Figures 3 - 18. The requisite data 










Following the requisite data table are the B-A plots for each combination of 
unpolarized density readings with polarized and predicted polarized readings, beginning 
with process inks on coated paper. The coated cyan B-A plots are shown in Figure 3 and 
Figure 4 (see p. 64). 
 
 
Figure 3. Bland Altman plot for cyan ink on coated paper. This plot compares 




Figure 4. Bland Altman plot for cyan ink on coated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
 
In examining the B-A plots for unpolarized versus polarized and predicted 
polarized readings for cyan ink on coated paper, it is noted that upper and lower control 
limits are smaller when predicted polarized readings are used. Further, all of the predicted 
values fall within the control limits, while this is not the case for actual polarized values. 
The same results are visible for magenta ink on coated paper, as seen in Figures 5 – 6 




Figure 5. Bland Altman plot for magenta ink on coated paper. This plot compares 
unpolarized readings to the collected polarized readings. 
 
 
Figure 6. Bland Altman plot for magenta ink on coated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
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Similar to the prior process inks on coated paper, the B-A plots have smaller 
control limits when predicted polarized readings are used with yellow and black ink on 
coated paper. However, there are some readings that fall outside of the specified control 
limits when using both unpolarized and polarized values, and unpolarized and predicted 
polarized values. The corresponding B-A plots can be seen below in Figures 7 - 10 (see p. 
66 - 68). 
 
Figure 7. Bland Altman plot for yellow ink on coated paper. This plot compares 





Figure 8. Bland Altman plot for yellow ink on coated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
 
 
Figure 9. Bland Altman plot for black ink on coated paper. This plot compares 




Figure 10. Bland Altman plot for yellow ink on coated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
 
The next set of figures represent the B-A plots of unpolarized density readings 
with polarized and predicted polarized readings for process inks on uncoated paper. 
These plots can be seen in the following figures, beginning with uncoated cyan in Figures 




Figure 11. Bland Altman plot for cyan ink on uncoated paper. This plot compares 
unpolarized readings to the collected polarized readings. 
 
 
Figure 12. Bland Altman plot for cyan ink on uncoated paper. This plot compares 




Unlike the coated counterpart, the cyan ink on uncoated paper yields similar 
results to the yellow and black ink on coated paper. The plots show a smaller range of the 
control limits for unpolarized and predicted polarized readings compared to the 
unpolarized and polarized readings, yet there are outliers in both plots. This is illustrated 
again in the B-A plots for magenta ink on uncoated paper below. 
 
 
Figure 13. Bland Altman plot for magenta ink on uncoated paper. This plot compares 








Figure 14. Bland Altman plot for magenta ink on uncoated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
 
 
Figure 15. Bland Altman plot for yellow ink on uncoated paper. This plot compares 




Figure 16. Bland Altman plot for yellow ink on uncoated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
 
 
The yellow and black inks behaved similarly on uncoated paper compared to cyan 
and magenta inks. The yellow ink shows slightly different results in the unpolarized and 
predicted polarized B-A plot, as all of the data points are within the control limits. 




Figure 17. Bland Altman plot for black ink on uncoated paper. This plot compares 
unpolarized readings to the collected polarized readings. 
 
 
Figure 18. Bland Altman plot for black ink on uncoated paper. This plot compares 
unpolarized readings to the predicted polarized readings. 
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This concludes the results of the present study. The summary and implications of 























Summary and Conclusions 
This chapter will begin by providing an overall summary and conclusions of the 
results found in this study. 
The Gage R&R analysis concluded that the spectrodensitometers used in this 
study are acceptable measurement methods with and without using a polarized filter. 
Furthermore, this analysis set the precedent of the clinical importance of density 
variation. The data aligned with the typical accepted density variation of ±0.02 - 0.03. 
With these results, it was decided that a maximum density variation of 0.04 would be 
considered acceptable for further investigation in this study. 
To address the research questions that examine the variance between 
densitometric readings on wet and dry inks on coated and uncoated papers (Research 
Questions 1 - 4), it was found that readings between instruments from wet and dry inks 
on coated paper had ranges closer to the acceptable variation (0.04) for this study 
compared to the uncoated paper. Several outliers were noted in the uncoated papers, 
regardless of whether the ink was wet or dry. These results could be influenced by the 
properties of the uncoated substrate used. The researcher notes that in observation, the 
ink set faster and the density readings decreased quicker on uncoated paper, unlike the 
coated paper. 
For analyzing the research questions that examine differences in unpolarized and 
polarized densitometric readings for wet and dry process inks on coated and uncoated 
papers (Research Questions 5 - 8), the pure difference values calculated supported that 
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there are differences in all cases. The Mann-Whitney U test results further indicated the 
differences between unpolarized and polarized densitometric readings for wet and dry 
process inks on coated and uncoated papers. 
Finally, for the research questions involving fixed bias (Research Questions 9 - 
12), the t-tests performed on the resulting difference data for both unpolarized versus 
polarized and unpolarized versus predicted polarized showed fixed bias by means of the 
computed p-values. This was found to be true for all process colors on both coated and 
uncoated substrates used. 
When examining unpolarized versus polarized and predicted polarized Bland-
Altman plots, in each case the upper and lower control limits were smaller when the 
predicted polarized values were used. While this observation is expected, it is verified by 
the data collected in the present study. In addition, in many cases the unpolarized versus 
polarized readings frequently exhibited individual readings beyond the control limits.  
Using the guideline established that 0.04 density warrants further investigation, 
none of the polarized versus unpolarized readings resulted in control limits within that 
range. In the case of predicted polarized values, cyan on coated paper and uncoated 
paper, as well as magenta on uncoated paper were within range of the pre-established 
accepted variance. As stated previously, all ranges for predicted polarized were 
significantly smaller than the comparisons between polarized and unpolarized, generally 




Analysis and Interpretation of the Data 
The primary implication of the present study is that the attempts to convert 
polarized to unpolarized readings are conditional. It is recognized that the best method for 
printers attempting such conversions would result from controlling as many variables as 
possible represented by their particular equipment, consumables, and standard operating 
procedures. Printed products result from a complex system with myriad variables: careful 
control of each of these variables is advisable in attempts to replicate the methodologies 
used here. The methodology of the present study aimed to replicate practical conditions, 
rather than strict laboratory conditions which may not translate to production 
implementation. As such, the variability inherent in typical printing conditions 
represented a conscious effort in this research. 
For example, different models of instruments were used and the readings were 
combined in the analysis. This choice represents the conditions in many printing 
establishments where several models of color measurement instrumentation are used and 
addresses the practical implications that served as the impetus for this study. As discussed 
in Chapter 1, the origins of the need for the present research stemmed from the 
recognition that many printing establishments face a condition where they have multiple 
instruments, with some incapable of reading both polarized and unpolarized 
densitometry. This often necessitates a need for either a conversion process or a 
wholesale change in standard operating procedures. By definition this scenario represents 
at least two different models of instruments in use. A study using only one device would 
exhibit less variability in the analysis and not be representative of a real-world condition. 
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In addition, both wet and dry readings were incorporated into the analyses in the 
present study. This further replicates common usage in practical environments. 
Practitioners could limit readings to solely wet or dry inks in their attempt to convert 
polarized to unpolarized, as this would assist in decreasing variability from the analysis. 
For example, pressrooms that are equipped with energy curable printing processes would 
not be as concerned with wet versus dry inks, or with printers using conventional ink sets 
strictly limiting conversions to either wet or dry inks could be adopted. However, as 
stated previously, choosing to use only wet or only dry readings is not representative of 
practical applications in most pressrooms. This suggests that caution in such conditions is 
necessary. 
Another critical variable for practitioners to consider is paper selection. The 
current study utilized both an uncoated and coated paper for analysis. In terms of a 
practical setting, those who consider using a conversion methodology should be mindful 
of their paper selection. Professionals are encouraged to limit their conversion methods to 
using the substrates most commonly used in their pressrooms. This will again help to 
drive out variability in attempts to improve their analysis results.  
It is crucial to note here that this study did not take Optical Brightening Agents 
(OBAs) into account during conversion and could be an important factor to consider in 
future research. For more information on the OBAs present in the papers used in this 
study: a further discussion is included in Appendix A.  
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The measurement condition is also worthy of note. The present study mixed 
measurement devices capable of reading the measurement conditions defined by 
ISO13655: 2009 with an instrument manufactured before the release of that standard. 
Again, this was a conscious decision supporting the goal of replicating real-world 
conditions as it is not uncommon for press rooms to continue to use legacy instruments. 
In the present analysis, the Techkon SpectroDens and the X-Rite eXact adhere to ISO 
13655: 2009, and readings were taken using M0 and M3, while the X-Rite SpectroEye, 
which was manufactured prior to ISO 13655: 2009, measured unpolarized and polarized 
as defined by that instrument. When attempting conversions, practitioners are again 
cautioned to bear these factors in mind as they represent sources of potential variability. 
The overall conclusion drawn from this study is that many variables need to be 
considered when converting unpolarized to polarized density readings. As stated at the 
beginning of this chapter, practitioners must be mindful of all variables at play that may 
affect variance in their conversion methodology. The conversion presented in this 
analysis may be practical for the conditions replicated; however, this underscores the 
necessity for professionals to be aware of the standard operating procedures set forth in 
their pressrooms. Attempts to convert readings should be approached with caution, as a 






Agenda for Future Research 
Further research into this subject is encouraged, as there are many factors to be 
explored.  
As discussed in previous sections, this study was limited to two papers: coated 
and uncoated. This leaves many options for experimenting with substrates with different 
coatings and treatments. In addition, future researchers could examine the effects of 
controlling OBAs as a variable in converting unpolarized to polarized densitometric 
readings. Again, it is recommended that practitioners design their conversion methods 
utilizing the most common substrates housed in their pressrooms.  
Density Status conditions are another variable that researchers may choose to 
analyze. This study only used Status-T as a control variable across all three 
spectrodensitometers. Other status conditions, such as Status-E, may also warrant 
investigation. Spectral density is also becoming increasingly popular for measuring non-
process color ink density, which may yield different results in practice. This may be of 
particular importance for printers using expanded gamut printing, which frequently 
incorporates colors such as orange, green, and violet in addition to the traditional cyan, 
magenta, yellow, and black ink sets. 
Future researchers may also explore building a conversion method under natural, 
practical conditions. The present study only tried to replicate these conditions in a 
laboratory setting, where an actual offset lithography press may have different results. 
Such an analysis would limit variation introduced by using ink proofing versus the actual 
printing conditions. For example, the Little Joe ink proofer used in the present study does 
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not incorporate fountain solution which is commonly used in offset lithographic printing. 
These researchers may also look into other popular printing processes, such as 
flexography and gravure. 
Practitioners may also choose to isolate only wet or dry inks instead of combining 
them like what was done in this study. Specifically, dry inks may be of interest to those 
who use energy curable inks, such as Ultraviolet (UV) or Electron-Beam (EB) inks.  
The primary goal of the study was to address a noted concern for some inquiring 
printers. Constituencies that may be interested in the results include printers and vendors 
such as ink manufacturers, substrate vendors, pressroom chemistry providers, and color 
measurement device producers. Each of these constituencies are involved with supporting 
and training printers. Future researchers and educational institutions would benefit from 
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Appendix A - OBA Assessment 
Optical brightening agents (OBAs) represent an essential factor in many printing 
substrates used. The present study used Leneta 3-NT-31 to represent coated paper and 
Leneta 3NT-11 to represent uncoated paper. These substrates are commonly used in ink 
proofing applications. As they contain OBAs, data were collected and are reported in this 
Appendix in Table 22, as they may be useful for future researchers in this area. Reported 
data include results from the Techkon SpectroDens OBA Check index and the resultant 
spectral curves in Figure 19. 
 
Table 26 
OBA Content for Papers 
Paper Delta-b* Assessment 
Leneta 3NT-31 Coated Book 5.0 OBA Faint 




Figure 19. Spectral Curves for Papers. These charts graphically represent the data output 
from the Techkon SpectroDens OBA Check index. 
